In this study, we have attempted to manufacture functionally graded materials (FGMs) using aluminum alloys 3003 and 6063 via a hot extrusion process to realize multifunctionality through achieving high strength and low weight. The FGMs were fabricated using Al3003 powder and Al6063 bulk to improve the interfacial properties. Particle size analysis and X-ray fluorescence of the Al3003 powder were used to analyze the composition of general Al3003; microstructure analysis revealed improved hardness with almost no defects, such as cracks at the interface between the two materials. The experimentally determined tensile strength of the composite was observed to be higher than the theoretical value calculated using the rule of mixtures; the strengthening mechanisms considered for the calculations were grain size reduction and precipitation hardening. In particular, we attempted to predict the strengthening effect resulting from the fine grain size of the powder and grain size reduction due to the extrusion process using the Hall-Petch equation. The Kelly-Tyson equation was also used to calculate the theoretical strength in the presence of the strengthening phases. Based on these results, it was confirmed that FGMs can be successfully produced using the hot extrusion process.
Introduction
Lightweight materials have been extensively developed for use in transport machineries, especially in aircrafts, automobiles, and marine vehicles. In particular, aluminum is generally used to realize lightweight in materials. Therefore, aluminum has been used in the form of an alloy by adding other elements by many researchers, such as Al-Stainless steel (SUS) composite and Al-carbon nanotubes (CNT) composite [1] [2] [3] .
Recently, multifunctionality, where diverse functions are realized in the same material, has been increasingly desired. In this context, the concept of functionally graded materials (FGMs) has been suggested as a method to realize multifunctionality. FGMs are materials in which a gradient in property is created by changing the composition continuously. [4] . This concept facilitates the improvement of the quality of the interfaces in a heterogeneous material to prevent cracks, which arise due to the residual stress resulting from the difference in the properties of the different components in the heterogeneous material.
Miyamoto et al. introduced the concept of FGMs
The FGMs mitigate the differences in the properties between the two materials by forming interlayers; however, this is difficult to control because the layers formed at the interface must be thin and uniform. Besides, cracks are sometimes also observed in the FGMs.
To address these problems, researchers have attempted new fabrication methods, such as centrifugal casting, semi-solid forming under magnetic field, and spark plasma sintering (SPS) [5] [6] [7] , while extrusion processes such as co-extrusion, indirection, and constant extrusion have been used as a fabrication method for over 30 years [8, 9] . Fan et al. attempted to join Al1060 and Al6063 by welding following die extrusion [10] . However, there were many cracks at the interface due to the difficulty in controlling the stress. Kwon et al. tried a hot extrusion process to fabricate an Al-CNT composite [11] . The microstructure was observed to be elongated in a direction parallel to the direction of the extrusion, with no cracks and pores. Furthermore, although the composite includes only one volume, the mechanical properties were significantly improved.
This study attempted to fabricate FGMs via a hot extrusion process. The Al3003/Al6063 FGM fabricated in this study has the shape of a rod, the center axis of which consists of Al3003 and serves as a skeleton for the material; this center is surrounded by Al6063. While Al6063 is an aluminum-based alloy that has high strength and hardness to protect the material from external shock, the Al3003 alloy has excellent ductility, which gives flexibility to the material itself, thereby enhancing workability. Thus, the FGM is suitable for use as a wire material for an industrial electric pole and can also be used as a skeleton for steel structures or automobile structural materials.
For dissimilar materials to be well bonded, the surface area of the contact between the two materials must be large. For example, if the surface is rough and the bulk is in contact with a rugged bulk surface, the area of the contact will be larger. Uehara and Sakurai confirmed the relation between the bonding strength and surface roughness of a joined part, which was controlled by changing the feed in a common mechanical milling machine [12] . They observed that the tensile strength was higher when the surface roughness was increased to~3-6 µm than when the surface roughness was <1 µm. Figure 1a shows a schematic diagram of the contact surface between two materials in the bulk form. Under these conditions, the contact surface comprises the area indicated by the straight line where the two materials come into contact. On the other hand, if one material is bulk and the other is a powder (Figure 1b) , the contact surface area significantly increases because the powder has a much larger surface area than the bulk. Furthermore, Figure 1c shows a schematic diagram of the contact surface between two materials in powder form. It can be observed that the surface area of the contact is much greater, although it is difficult to handle such bonding experimentally. Therefore, we fabricated the FGMs, as shown in Figure 1b ; and expected better interface properties compared to the case when two bulk materials are used. To fabricate a sample, we performed canning followed by extrusion.
Subsequently, the microstructure of the sample was observed using scanning electron microscopy (SEM), and the composition of the FGMs was analyzed using energy-dispersive spectrometry (EDS). In addition, we used the value of the crystallite size, which was calculated using the Scherrer equation, in the Hall-Petch equation to elucidate the relation between the grain size and strength.
Materials and Methods

Sample Preparation
First, canning was performed as shown in Figure 2 . Al3003 powder (965 g; ECKA Granules, purity: 99.5%, particle size: 100 µm) was poured into a bulk Al6063 can (outer diameter: 100 mm and inner diameter: 60 mm) and subjected to a vertical force under a pressure of 5000 kgf. Subsequently, the material was extruded at a temperature of 468 • C, which is below the melting point of both Al3003 and Al6063, using an extrusion machine (SKM Co., Ltd., Incheon, Korea). The temperatures of the billet, container, and mold were 468 • C, 407 • C, and 468 • C, respectively. The ram speed was 2.49 mm/s and the extrusion ratio was 100. 
Analysis of Raw Materials
Particle size analysis (PSA) and X-ray fluorescence (XRF) were used to characterize the Al3003 powder. PSA was first conducted (BECKMAN COULTER, LS 13 320, Indianapolis, IN, USA) followed by XRF to analyze the constituent elements (SHIMADZU, XRF-1800, Tokyo, Japan).
Characterization of the Samples
First, we used the Archimedes method to measure the density of the FGMs using a densitometer (KERN, ABJ 120-4M, Balingen, Germany). After etching with 5% NaOH solution, SEM and EDS were employed for a detailed analysis of a sectional area of the samples in detail (TESCAN, VEGA II LSU, city, Czech Republic). Elemental mapping was conducted to determine the ingredient elements of the material (TESCAN, VEGA II LSU, Brno, Czech Republic).
Subsequently, mechanical properties such as hardness and tensile strength were measured using the Vickers hardness test (HM-101, Mitutoyo Corporation, Kanagawa, Japan) according to JIS B 7725 and ISO 6507-2 at five points from the core to the clad (three measurements per point) with a load of 0.3 kg. To measure the tensile stress and strain, a tensile test was conducted on two FGM samples: Al3003/Al6063 FGMs without heat treatment (T-0) and T-5 heat-treated Al3003/Al6063 FGMs (Kyungdo precision Co., Ltd., Siheung, Korea). The no. 4 tensile specimen was fabricated according to KS B 0801 T-5 (width: 6 mm). The treatment is the process that artificially elevates the temperature of the specimen to 150-200 • C, and then cools it [13] . The tensile test was conducted at 24 • C using a 68.65 kN press. Finally, we used the Hall-Petch equation to confirm the relationship between the grain size and tensile strength; the grain size was substituted by the crystallite size, which was calculated using the Scherrer equation and the XRD data (Rigaku, Ultima IV, Tokyo, Japan). Furthermore, the Kelly-Tyson equation was used in this study to calculate the theoretical yield stress of the FGMs.
Results
In general, the dispersion of particle size is an important characteristic of a particulate sample and has significant influence on the packing density and porosity of the products. Figure 3 shows the PSA graph of Al3003 powder with various particle sizes ranging from 10 µm to 280 µm; the average particle size is 125 µm. The accumulate volume graph also shows that the d 10 , d 50 , and d 90 data for the particle size distribution is 35 µm, 97 µm, and 156 µm, respectively. When Al3003 powder is filled into the Al6063 bulk can, a high packing density (about 63%) can be achieved as the Al3003 powder has a significantly high degree of dispersion in particle size, which indicates that the density of the FGMs is high. Table 1 lists the general chemical composition of Al3003 and Al6063. By comparison, Si (1.10%), Mn (0.96%), Fe (0.87%), Zn (0.23%), Cu (0.17%), and Al (96.66%), which is determined by XRF, are present in the Al3003 powder used in this study. We observe that the proportions of the components are approximately in the range of the typical chemical composition of the Al3003 powder (presented in Table 1 ). Consequently, Al3003 powder, with a mean particle size of 125 µm, was filled into a bulk can made of Al6063, and the final FGM was fabricated via hot extrusion. Figure 4 shows the photograph of the final material, which is in the shape of a cylindrical rod. Figure 4b shows the cross-section of the FGM, where the inner darker area is composed of Al3003 and the outer brighter area is composed of Al6063. The inner diameter is around 1 mm, and the outer diameter is 8 mm. The density of the FGMs was also measured to confirm that there were nearly no flaws in the material manufactured via hot extrusion. The experimental density measured using the Archimedes' method was 2.6538 g/cm 3 and the theoretical density calculated using the rule of mixtures was 2.7009 g/cm 3 . A significantly high relative density of 98.26% was obtained, which confirms the successful fabrication of a dense FGM. Furthermore, it was confirmed that the density of the Al3003 core was nearly 100%. This indicates that hot extrusion is a useful method to form an interface between powders and bulk materials, demonstrating that this process can be used for the fabrication of complex heterogeneous materials. By comparing the XRF results, where Mg and Si were determined to be the predominant components of Al6063 and Al3003, respectively, with the EDS result, we infer that Figure 5d corresponds to Al6063 and Figure 5f corresponds to Al3003.
There are no cracks, except for a few pores created via deep etching (Figure 5a ) in the region containing Al6063. However, the Al3003 region consists of more pores, which was not observed before conducting the etching process, and moreover, particles were observed, as shown in Figure 5c . This could be because the etching process in Al3003 can be faster and more significant than in Al6063, since the Al3003 is in the form of a powder, which has a higher specific surface area, while Al6063 has higher corrosion resistance compared to Al3003. We also confirmed from the EDS results that the O content is higher in Al3003 than in Al6063. Hence, deep etching was required to observe the microstructure of Al6063, which has high corrosion resistivity. Therefore, these results show that oxidation has occurred more actively in Al3003 than in Al6063. Figure 5b shows the SEM micrograph of the interface between Al6063 and Al3003, demonstrating a distinct and well-formed interface without any flaws, such as cracks. Figure 6a shows the region containing Al3003, where the pores are larger and longer when the extrusion direction was subjected to pressure and was compressed, whereas the longitudinal section parallel to the direction of extrusion was stretched in the same direction. The interface between Al3003 and Al6063 was analyzed in detail using elemental mapping. Figure 7b shows the distribution of the relative concentrations of the different components at the interface between Al3003 and Al6063. The particles in the longitudinal section are observed to be relatively larger and have an elongated shape when compared with those observed in the cross-section. Therefore, we can consider that the grains of the FGMs are aligned in the direction of extrusion. Near the interface in the Al3003 area, we expect that the degree of oxidation caused by the deep etching is higher than in the other areas because of the higher O content and lower proportion of Al in this area. In general, while etching is conducted, the grain boundaries are oxidized more than the grain interior. Similarly, the interface is more corrosive due to the disordered arrangement of the atoms. To analyze the mechanical properties, Vickers hardness test and tensile test were conducted. Figure 8 shows the Vickers hardness values measured on the cross section and longitudinal section of the FGM. The overall hardness in the transverse cross-section is observed to be in the range of 50-53 HV, which is almost 1.5 times greater than that generally observed for both Al3003-T0 and Al6063-T0, as shown in Table 2 , and the hardness values are nearly constant. Al6063 has good corrosion resistance, and furthermore, it is fabricated in the bulk form; therefore, it is only slightly oxidized. The high hardness value of 53.03 HV observed at the interface confirms that the Al3003/Al6063 FGM has superior interface properties. Moreover, in the cross-section, although the hardness of the individual parts is slightly different, this difference is not large; therefore, the hardness is uniform.
However, the measured value of the hardness of the longitudinal section is relatively lower when compared to that of the transverse cross-section. This could be because the particle size is further reduced in the cross-section where the grains are subjected to a compressive pressure from all directions, which is less than that in the longitudinal cross-section. While joining two different materials, the properties of the joint play an important role-if the two materials are well bonded, the interfacial properties and the physical properties of the final product are improved.
In contrast, the longitudinal section is elongated in the direction of extrusion and the particles are compressed in a direction vertical to the direction of extrusion. Figure 9 shows the tensile stress-strain graph of the Al3003/Al6063 FGMs (T-0 and T-5). Al3003 and Al6063 have an area ratio of 18:82 at the neck of the tensile specimen. In the case of the T-0 Al3003/Al6063 FGM, the experimental tensile stress is improved to 152.19 MPa, as listed in Table 3 , and in the case of the T-5 Al3003/Al6063 FGM, the general tensile stress is improved to 237.29 MPa, which is more than twice the generally observed average tensile stress values for Al3003 and Al6063, as shown in Table 2 . The tensile stress of the material satisfies the T6 specification reported by Prillhofer et al. [17] . The elongation of the FGMs without heat treatment is more than 25%, which can solve the formability problem of the general aluminum 6000 series studied by Panigrahi et al. [18] .
Furthermore, in the case of T-5 Al3003/Al6063 FGMs, the elongation, which is more than 10%, satisfies the abovementioned T6 specification. To analyze the strengthening mechanism, we considered two possible mechanisms: precipitation hardening and reduction of grain size. In the first mechanism, the precipitates present inside the matrix of the metal play a role in capturing dislocations, which increases the strength and hardness of the material.
Generally, Al alloys have precipitates and in the case of heat-treated alloys, the precipitates are formed and strengthened during the heat treatment. Pokov'a et al. showed that the α-Al 12-15 (Fe, Mn) 3 Si 1-2 phase and A l6 (Fe, Mn) phase are generally present in Al3003 [19] , and Camero et al. reported that the precipitates in Al6063 such as Mg 2 Si are generated mainly during heat treatment [20] . These precipitates serve to reinforce the material through a pinning effect. Furthermore, even if the amount and size of the precipitates are the same, the area of the FGMs is reduced by the extrusion process, which indicates that the proportion of the precipitate per unit area increases. Consequently, the movement of the dislocations is significantly inhibited; the strengthening of a material can occur through this mechanism. In the second mechanism, the materials are strengthened due to the reduction in grain size. As the crystal grain size of the material decreases, the grain boundary area increases in general, which disturbs the dislocation migration. Some researchers attempted to calculate the strength of the extruded materials using the Hall-Petch equation. For instance, Uematsu et al. showed that the grain size can be refined by controlling the extrusion conditions (extrusion ratio, working temperature), and showed that the Hall-Petch equation is valid for calculating the strength of the extruded alloys [21] . Furthermore, Kim et al. attempted to control the grain size using equal channel angular pressing, which is an extrusion method, and used the Hall-Petch equation to calculate the yield strength [22] . Thus, it can be concluded that the use of the Hall-Petch equation to calculate the extruded FGMs is valid, and hence, the equation was applied in this study.
To use the Hall-Petch equation, we first calculated the crystallite size by applying the Scherrer equation (Equation (1)). Some researchers applied the crystallite size to the grain size of the Hall-Petch equation, and proved that it is considerably valuable [23] . The Scherrer equation is expressed as follows [24] :
where τ is the mean size of the ordered (crystalline) domains, which may be smaller or equal to the grain size, and K is a dimensionless shape factor with a value close to unity. From the XRD data, the crystallite size of the Al3003 powder is determined to be 48.85 nm, while that of the Al3003/Al6063 FGM is determined to be 44.87 nm. It is thus confirmed that the grain size is decreased owing to the extrusion process and the result shows a possibility of strengthening due to the reduction in the grain size. The values of the crystallite sizes were substituted into the Hall-Petch equation to calculate the yield stress of Al3003 powder and Al3003/Al6063 FGM, as shown in Equation (2). The Hall-Petch equation is expressed as follows [21] :
In this equation, σ 0 is the materials constant for the stress in the dislocation movement, K y is the Hall-Petch slope, which is a strengthening coefficient, and d is the average grain size. It can be observed from this equation that the yield strength in the y-direction increases as the average particle size, d, decreases. In the case of the T-0 Al3003 sample, this effect caused by the reduction in particle size is expected to be observed through improving the material properties via solid-solution strengthening, dispersion strengthening, and work hardening. The value of σ 0 is approximately 58 MPa, while that of s approximately K y i96 MPa·µm 1/2 , and the yield strength was calculated by substituting the crystallite size obtained from the Scherrer equation into the Hall-Petch equation.
The calculated value of the yield strength before extrusion is 491.92 MPa and that after extrusion is 511.12 MPa, showing an increase of approximately 20 MPa after the extrusion process. The strength of the final material is increased by~50 MPa in the sample that was not subjected to the heat treatment. Additionally, precipitation hardening also plays a role in increasing the strength. Therefore, it is considered that a combined effect of these factors increases the final strength by 50 MPa.
Notably, the calculated value is much higher than the experimentally measured value. The considerable difference between the two values is possibly because of using the crystallite size instead of the actual grain size for the calculations. For instance, in the case of a polycrystalline material, the crystallite size is generally smaller than the grain size. If the strength were calculated using the actual grain size, which is expected to be larger than the crystallite size, in the Hall-Petch equation, the result is likely to be similar to the experimental value.
However, notably, the crystallite size was reduced after the extrusion process, and the difference between the strength of the raw materials and extruded materials is similar to the difference between the theoretical values calculated using the Hall-Petch equation. Therefore, the Hall-Petch equation is considered to be effective for explaining the tendency of the reduction in the grain size via the extrusion process and the relatively increased value of the strength. However, a more specific analysis is required to demonstrate the exact strengthening mechanisms, as there are possibly other strengthening factors besides the two factors mentioned in this paper.
To analyze the interactions between the increase in strength owing to the strengthening factors and the decrease in strength owing to the limitations (e.g., difficulty in atomic-level bonding of two other materials), further investigations in addition to quantitative and qualitative analytical data including simulations are required.
Moreover, Kelly and Tyson established the equation for the yield strength of FGMs, in which the matrix and fiber are evenly mixed and aligned in a particular direction with perfect interfacial bonding [25] . The Kelly-Tyson equation shows that the overall strength is improved by a load transfer to a fiber when a load is applied to a composite material produced by mixing a matrix and fiber, which indicates that the fiber serves as an enhancer. This equation is used for complex composites. When the material is produced through an extrusion process, the grains are elongated in a direction parallel to the extrusion direction, and the material is compressed in the vertical direction.
A previous study confirmed that this phenomenon actually occurs through the micrographs of the longitudinal cross-section of the Al-CNT composite produced via an extrusion process [26] .
As shown in Figure 5a , when the pores distributed in Al3003 are examined, the particles are observed to be arranged in the direction of extrusion and the circular shape of the pores is elongated in the direction of the extrusion. Based on this observation, it was concluded that the Kelly-Tyson equation can be applied for the fabricated material used in this study.
Therefore, the Kelly-Tyson equation was employed, assuming that one material plays the role of the fiber and the other one plays the role of the matrix, although the two are not mixed in our case. Assuming that Al3003 is the matrix and Al6063 is the fiber, in the case of the T-0 FGM, the calculated value of the strength is approximately 147 MPa, which is lower than the experimental value (152.19 MPa, as shown in Table 3 ). In the case of the heat-treated FGM T-5, the calculated value of the strength is expected to increase to approximately 231 MPa. This theoretical value is also lower than the experimental value for T-5 FGM (237.29 MPa, in Table 3 ). Thus, for both T-0 and T-5 FMGs, the experimental values are observed to be higher than the calculated values, although the difference is small (less than 5%). However, when the theoretical strength was calculated using the rule of mixtures equation, the values were 90.26 MPa (for T-0 FMG) and 183.32 MPa (for T-5 FMG). Thus, although the Al3003/Al6063 FGM fabricated in this study is not a perfectly mixed composite, it can be confirmed that the Kelly-Tyson equation can be applied to this system. Moreover, the higher experimental value indicates that there are additional factors, such as the reduction in particle size and precipitation hardening, which may play a significant role as described earlier.
The Kelly-Tyson equation considers strengthening effects only by fibers; therefore, this equation may not be the most appropriate equation in the present case. However, when considering all the different factors that affect the strengthening of the composites, this equation can be considered as most suitable.
Conclusions
The Al3003/Al6063 FGM was successfully fabricated via hot extrusion to realize multifunctionality including high strength and low weight.
The interface between the two materials is clear, with almost no cracks. It can be considered that the extruded FGM has excellent interface properties based on the high Vickers hardness of the interface. When the powder and bulk are in contact, the surface area of the contact could be larger than that between two bulks, so that the interface was improved.
The tensile strength of the final material subjected to T-5 heat treatment was observed to improve to twice that generally observed for Al3003 and Al6063, and the elongation was greater than 10%. From these results, it can be confirmed that the final product has a high strength and adequate elongation, which are the objectives of this study.
To analyze the strengthening mechanisms, i.e., precipitation hardening and grain refinement, strengthening via grain refinement was emphasized more in this study. Generally, the grain size of the powder is finer than the bulks and the presence of many grain boundaries hinders the grain growth. Therefore, the FGM fabricated using Al3003 powder could be strengthened by the fine grain size. Moreover, the grain size would be reduced by the extrusion process because the grains were subjected to mechanical stress. The Hall-Petch equation was used to explain the tendency for improved strength, which is appropriate for the explanation of the tendency of the increase in strength when the FGM was extruded; this was reported by earlier researchers, as well as observed in our study.
In addition, when the Kelly-Tyson equation was used assuming that Al6063 was a fiber, the theoretical results nearly corresponded to the experimental values. Therefore, the Kelly-Tyson equation could also be used to predict the strength of the extruded FGMs.
In summary, Al-alloy-based FGMs with lightweight and high strength properties were successfully fabricated via hot extrusion. Thus, it could be confirmed that hot extrusion is useful to fabricate FGMs with improved mechanical properties.
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